
INVESTIGATIONS OF EFFECT OF INTERSTITLAL IMPURITIES ON THE 
STRUCTURE AND PRDPEFtTIES OF TUNGS" sINGI3 CRYSTALS 

Ye.M.Savitskiy and G.L.Tsarev 

i 

(CATEGORY1 
(NASA CR OR TUX OR AD NUMBER) 

Translation of Wasledamme uplyvu prymesey ukaranennya na 
strukturu i-ulastsivastsi monakryshtalyau Valfframul1. 

Vestsi Akadenii Navuk BSSR, Seryya Fizika-Tekhnichnykh 
Navuk, N0.2, pp.84-91, 1965. 

GPO PRICE $ 

CFSTI PRICE(S) $ 

Hard copy (HC) /#  rn 
Microfiche (M F) '&a 

ff 653 July 65 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGlDN JUNE 1966 



. 
NASA TT F-10,157 . I 

INVESTIGATION OF EFFECT OF INTERSTITIAL IMPURITLES ON THE 
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33 qa2 
Ye.M.Savitsk5y and G.L.Tsarev 

The effect  of individual i n t e r s t i t i a l  impurities on the 

structure and properties of tungsten and the  ident i f ica t ion  
I 

of the most harmful impurities are  discussed, with reference 

I t o  the lo-+te.qerature edxi t t lement  of tungsten and produc- I 

t ion  of high-grade s t ructural  materials. Studies on the e f fec t  I 

of a r t i f i c i a l  saturation of tungsten single c rys ta l s  with 

carbon, oqygen, and nitrogen showed t h a t  carburizing produced 

a sharp increase i n  disperse carbides responsible f o r  the  

rise i n  carbon content, greater dislocation density leading t o  inhibi- 

t i on  of dislocation migration and thus t o  microcracks, and 

higher 2 5 O C  yield point; oxygen saturation did not influence 

the  p l a s t i c  properties but produced high dislocation density 

a t  the grain centers; nitrogen treatment caused no changes i n  

structure o r  mechanical properties and only rare formation of 

n i t r ides  on the  grain boundaries; hydrogen had the l ea s t  influ- 

ence on embrittlement. 

The chief obstacle t o  using tungsten as a s t ruc tu ra l  material i s  i t s  lack 

of low-temperature p l a s t i c i ty ,  wkich i s  a t t r ibu tab le  mainly t o  the l o w  solubili-  

t y  of i n t e r s t i t i a l  impurities i n  the tungsten l a t t i c e  (Bib1.1). 

minute amounts of these impurities (of t he  order of O.OOOl$) are present, they 

Even i f  only 
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form metalloii, compoun~~ with the tungsten (carbides, oxides, n i t r i des )  which, 

being unfavorably located i n  t h e  lat t ice and a t  the  grain boundary, cause em- 

brit t lement of the  tungsten. 

Various s tudies  performed i n  this country and abroad established t h a t  en- 

hancing t h e  degree of pur i ty  of tungsten, especially with respect t o  i n t e r s t i t i a l  

hpurities, causes an improvement in i ts  low-temperature p l a s t i c i t y  and i s  the 

most e f fec t ive  method of generally improving t h e  p l a s t i c  propert ies  of tungsten- 

However, t he  literature contains prac t ica l ly  no studies on the  e f fec t  of indi- 

vidual i n t e r s t i t i a l  impurit ies on the  s t ructure  and propert ies  of tungsten. 

Thus, it remains unclear exactly which one of the  interstitial impurit ies has 

t he  grea tes t  influence on t h e  ducti le-to-brit t le t r ans i t i on  temperature of 

tungsten; this i s  a prerequis i te  f o r  a b e t t e r  understanding of t h e  p h p i c a l  

nature of t he  embrittlement of tungsten during cooling and f o r  developing a pro- 

cess f o r  t he  production of high-grade s t ruc tu ra l  material. 

The present investigation was intended t o  determine the  e f f ec t  of the  

sa tura t ion  of tungsten with carbon, oxygen, and nitrogen on t h e  s t ructure  and 

mechanical propert ies  of this m e t a l  (tungsten does not i n t e rac t  with hydrogen). 

Single c rys t a l s  are an indispensable s ta r t ing  material f o r  such investigations, 

s ince one can thus eliminate the effect  of grain boundaries as w e l l  as the 

at tendant  e r rors  i n  the  experimental findings and conclusions i n  cer ta in  cases. 

Single c rys t a l s  of tungsten, measuring 4 mmin diameter and 250 rn i n  length, 

were grown by electron-beam zone melting (Bibl.2) i n  a vacuum of 5 x 

at a zone t ravel ing rate of -5 mm/min. The 

s t a r t i n g  material used was extremely pure  (99 -99%) cas t  tungsten, previously 

subjected to a special  hydrogen-removal treatment. 

iqurit ies i n  the  grown single  crystals  were found t o  be: C = 0.0012% (deter- 

mm Hg, 

The number of passages was two. 

The amounts of i n t e r s t i t i a l  
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mined by t h e  combustion method); O2 = 0.001% and N2 = 0.001% (determined by 

vacuum melting). 

A.A.Baykov I n s t i t u t e  of Metallurgy. 

checked by measuring t h e  r a t i o  of e l ec t r i c  res is tance a t  300°K t o  the e l e c t r i c  

res is tance at 4.2"K which, f o r  t h e  obtained s ingle  crystals ,  was Il,200. With 

the  aim of eliminating t h e  e f f ec t  of crystallographic or ientat ion on t h e i r  

mechanical properties,  all single  crystals  were grown with the  same crystallo- 

graphic orientation, by means of a special  batch. 

of t he  c rys t a l  a d s  was: I.&" f r o m  [On] and 29' from [Ull. 

A L L  analyses were performed at  the Analytic Iaboratory of t h e  

The pu r i ty  of t h e  s ing le  c rys ta l  was 

/85 

The longitudinal or ientat ion 

The specimens f o r  a r t i f i c i a l  saturation consisted of previously prepared 

discontinuous monocrystalline microspecimens with a tes t  section 15 m i n  length 

and 1.8 mm i n  diameter [made of tungsten s ingle  crystals ,  e lec t ro ly t ica l ly  

polished by a method similar t o  t h a t  by S t r a t  (Bibl.3)I. 

r i e d  out by case-hardening i n  graphite under heating in a vacuum furnace 

(vacuum 2 x W6 man Hg) at 13OO0C f o r  6 hrs. The specimens and graphite powder 

were placed i n  a tungsten boat, thus eliminating any chance contact between the  

coating and possible metal impurities. 

jected t o  homogenizing vacuum annealing a t  -2000°C f o r  8 hrs. 

Carburizing was car- 

After coating, t h e  specimens were  sub- 

Saturation with oxygen was accomplished by placing t h e  specimens, together 

with high-purity tungsten trioxide,  i n  an evacuated soldered quartz  ampoule 

which was kept a t  1200'C f o r  &3 hrs. 

was 3:l. 

specimens i n  an atmosphere of high-purity nitrogen (99.99%) at -2300°C f o r  

5 hrs. 

a t  25"C, K = m, 
~ 4 . 2  K 

The weight r a t i o  of W03 t o  the specimen 

Saturation with nitrogen was performed during induction heating of t he  

The results of chemical analysis, measurements of e l e c t r i c  res is tance 

and the saturation regimes a re  presented i n  Table 1. 

For mechanical tests and determination of the  t r ans i t i on  point t o  t h e  
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TABU3 1 

CONDITIONS FOR C0NTIEDI;LED DOSAGE OF INTERSTITIAL 
lFlPURlTlES AND RESULTS OF ANA.LYSIS* 

The K r a t io s  were d e t e d n e d  at the  Faculty f o r  IowTemperature 
Physics, Moscow Sta te  University. 

b r i t t l e  state, the specimens, after saturation, were e lec t ro ly t ica l ly  reduced 

i n  thickness (only the  test  section) from 1.8 t o  1.1 mm i n  diameter. T h i s  en- 

sured complete removal of t he  defective surface layer. 

formed i n  a Shevenar type t ens i l e  microtesting machine a t  room temperature and 

Tensile tests were perc 

at a s t r a i n  rate of 0.5 mm/min, with recording of the  s t r a i n  diagrams on photo- 

graphic plate .  

the primary s l i p  system i n  tungsten i s  t h e  system {llO) <11l> (Bibl.4). 

t r ans i t i on  point t o  the  b r i t t l e  state was determined from s t a t i c  bending tests 

of microdiscontinuous specimens over a measured interval of t rans i t ion  tempera- 

tures. 

mens f a i l ed  on bending through 90'. 

In  calculating the  c r i t i c a l  shear stress, it was observed tha t  

The 

The t r ans i t i on  point was taken as the  temperature below which the  speci- 

The averaged results of mechanical tests 

on 2 - 3 specimens, microhardness (under a load of 100 gm), and t rans i t ion  

point  are presented i n  Table 2. 

Table 2 indicates  tha t  tungsten single crystals  are f a i r l y  easy t o  impreg- 

nate with carbon. 

increased f r o m  O.OOX$ t o  0.054%, i.e., nearly 45 times. 

K r a t i o  decreased sharp.2.y. from ll,200 t o  220. 

O v e r  6 hrs of carburizing a t  l3OO"C, t h e  amount of carbon 

After this, the 

Since the  change i n  e l ec t r i c  
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resis tance at, 25OC. following saturation with carbon was insignificant,  t h e  de- 

crease i n  the  K r a t i o  took place at the  expense of an increase i n  the residual 

TAELE 2 

MECHANICAL PIEDPERTIES OF TUNGSTEN SINGLE CRYSTAIS 
AT 25°C ANJl RATE OF ELONGATION OF 0.5 mn,/n5n 

102 10 100 310 

83.5 0 46 351 

90 IO loo 310 

93.5 IO 100 310 
I 

b e l o r  -1% 

0 

below -1% 

e l e c t r i c  resistance of the tungsten single c r y s t a l  zit 4.2?K. T X s  i s  confirmed 

by chemical analysis, which points t o  a marked increase i n  the amount of carbon 

following the  carburizing of the  single crystal .  

a t  present t o  determine the quantitative r a t i o  of the amovnt of carbon i n  the 

tungsten t o  i t s  e l ec t r i c  resistivtty a t  4.2"K. 

such a relationship exists. 

Unfortunately, it i s  impossible 

However, there i s  no doubt tha t  

Earlier ( B i b L S ) ,  w e  showed by electron microscopy 

t h a t  carbon i n  tungsten single crystals  i s  present as the  carbide Wac. 

ering t h e  low so lubi l i ty  of c a r b n  i n  the tungsten la t . t ice ,  it may be s ta ted 

tha t  t h e  increase i n  the carbon content follawing carburizing i s  due t o  the 

formation of the  carbide W2C ra ther  than t o  the solution of carbon i n  the tung- 

sten.  

amoimt of impregnating carbides. 

d i s t r ibu t ion  over the structure i s  uniform (Fig.1). 

Consid- 

I n  fac t ,  a microstructural analysis indicates a sharp increase i n  the  

The carbides are highly disperse and t h e i r  

The dislocation density i n  tungsten single crystals,  following t h e i r  satu- 

r a t ion  with carbon, increases by n e a r b  one order, namely, from 1.2 X 
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. 
x 10" disl./cm2 t o  1 x io7 d i s ~ / m '  (~igs.2, 3). 

density may have t o  do with t h e  staining of e f i s t i n g  dislocations by carbon, 

i.e., it could be reasoned t h a t  t h e  increase i n  the amount of carbon leads not 

The increase in r3islocation 

/87 

Fig.1 Carbides i n  Tungsten Fig.2 Dislocations in Fig.3 Dislocations i n  
Single Crystal after C a r b w  Initial Tungsten Single Tw-gsten Single C r y s t a l  

Electropolishing i n  burizing Electropolishing and 
2% NaOH x 600 Electropolishing i n  e l ec t ro ly t i c  etching i n  

iz ing  Crystal Prior t o  C a r -  zfter Carburizing 

NaOH, X 800 NaOH, X 800 

so much t o  an ac tua l  rise i n  dislocation density as t o  t h e  detection, during 

electro3yt ic  etching, of 9 u r e r *  dislocations present i n  the  in i t ia l  s ing le  

c rys ta l s  but not previously detected. However, chemical etching with Wolfts 

reagent (Bib1.6) where no staining effect  is involved, produces absolutely the  

same results. Hence, it must be considered t h a t  t h e  carburizing of tungsten 

s ingle  c rys t a l s  leads t o  t h e  fonaation of new dislocations,  meaning t h a t  the 

i n t e r s t i t i a l  carbon present, i n  t h e  form of the  carbide W2C i n  t h e  tungsten 

l a t t i c e ,  with i t s  crystallographic s t ructure  d i f fe r ing  from t h a t  of tungsten, 

generates i n t e rna l  stresses whose relaxation leads t o  the  formation of dis loca,  

t i o n s  

The increase i n  carbon content also sharply a f f e c t s  the  mechanical p r o p e p  

ties of t h e  s ing le  crystal .  The c r i t i c a l  shear stress and yield point at  25°C 

6 



increase by a fac tor  of more than 2, from 15.7 t o  3.1 k g / d  and from 34. t o  

73 kg/mma, reqectiveky. The hardness increases somewhat, while the  p l a s t i c  

propert ies  decrease. 

and the  t r ans i t i on  point t o  t h e  b r i t t l e  state increases  t o  0°C. 

mens p r i o r  t o  carburizing withstood bending through 90' at the temperature of 

l i @ d  nitrogen. 

crystals ,  following t h e i r  carburizing, i s  quite in t e re s t ing  (Fig.4, C u r v e  3 ) .  

The relative reduction i n  area decreases from 100 t o  40% 

The microspeci- 

The stress-strain diagram of the  specimens of tungsten s ingle  

x 

F'ig.4 Str& &mes of Specimens of Tungsten 
Single Crystals 

oxygen; 3 - M t e r  saturation w5th carbon. 
1 - Ini t ia l  s ingle  crystal;  2 - After saturat ion with 

The :qield point, having more than doubled, approaches the  ultimate strength. 

N o t m r t b  i s  t h e  virtually insignif icant  rate of s t r a i n  hardening compared 

with t h e  i n i t i a l  pure s ing le  c rys ta l .  

i s  roughly 20% lower than t h e  ultimate s t rength of t he  pure single crystal .  

The ultimate s t rength after carburizing 

Such a behavior of t h e  c rys t a l  on elongation, following i ts  carburizing, is 

primari ly  due t o  an increase i n  the  amount of disperse carbides. It is  known 

that, in  t h e  presence of a second phase, t he  i n i t i a l  p l a s t i c  flow i s  a function 

of the  distance between the  second-phase par t ic les .  Therefore, the  sharp in- 
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crease i n  c r i t i c a l  shear stress and yield point as w e l l  as the  l imited increase 

in hardness a re  d i rec t ly  linked with the amount of carbides present. The low 

s t r a i n  hardening rate i s  apparently connected with the appearance of numerous 

dislocation sources. 

carbides, p l a s t i c  deformation proceeds chiefly &ng t o  a multiplication of dis- 

locations. Migration of the  dislocations takes place over small distances, re- 

sul t ing i n  a weakening of the  effect  of all kinds of hardening mechanisms of 

t he  dislocation type. 

It appears that, i n  the presence of a la rge  number of 

It could well be tha t  t he  decrease i n  s t r a i n  hardening rate i s  due t o  the  

increase i n  the  role of transverse s l i p ,  inherent i n  m e t a l s  with body-centered 

cubic l a t t i c e .  I n  the  presence of a large number of obstacles formed by dis- 

perse carbides, screw dislocations might circumvent these obstacles by migrating 

t o  the  adjacent s l i p  planes, which muld logical ly  lead t o  a change i n  the  

hardening mechanism. 

strength t o  decrease as well. 

migration of dislocations as well as a large number of dislocation sources, 

conditions become favorable f o r  t h e  formation of a microcrack - the  or igin of 

b r i t t l e  fracture.  

The relative reduction i n  area decreases, w h i l e  the  temperature of t rans i t ion  

t o  the  b r i t t l e  state increases. 

/88 
I n  the  absence of s t r a i n  hardening, it i s  natural f o r  the  

If there i s  a large number of obstacles t o  the  

The p l a s t i c  properties of the  single c rys ta l  deteriorate: 

As can be seen f r o m  Table 1, saturation with oxygen a t  1 2 0 0 ° C  causes 

p rac t i ca l ly  no increase i n  the  oxygen content of the  tungsten. 

t he  accompanying def in i te  increase i n  the  K r a t i o  gives reason t o  believe tha t  

What i s  more,  

exposure of tungsten t o  an oxygen-containing atmosphere leads t o  some elimrina- 

t i o n  of carbon from the tungsten. 

able changes i n  t h e  quality of the  carbides o r  i n  t h e  dislocation density, 

Microstructural analyses revealed no appreci- 
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although a tendency toward a decrease i n  d i s h c a t i o n  density and amount of carb- 

i des  i n  the peripheral  sectors  of t h e  specimens was observed. 

shear stress somewhat decreased (by 2.5 kg/m2), w h i l e  t he  p l a s t i c  propert ies  

The c r i t i c a l  

Fig.5 lf icrostructure of Polycrystall ine TungsteE after 
High-Temperature Saturation with Oxygen 

Electropolishing andelec t ro ly t ic  etching i n  2$ NaOH, X 1000 

remained unchanged. The s t rength dropped s l ight ly ,  which must be a t t r ibu ted  t o  

the  appearance of a smal l  number of micropores i n  the  specimens, as revealed by 

metallographic examination. 

sociated with the  formation of 0 during interact ion between oqygen and t h e  

It seems that t h e  formation of such pores i s  as- 

tungsten carbides. The slope of t he  s t r a in  curve remained unchanged. The f a c t  

t h a t  oqygen pu r i f i e s  tungsten of carbon has been confirmed by exposing cast  

po lycrys ta l l ine  tungsten containing 0.03% carbon t o  an atmosphere of helium 

plus a small amount of oxygen (4.02$), at 30OO0C fo r  1 5  hrs. 

t e n t  of t h e  tungsten after such treatment decreased by--O.OO5%. 

The carbon con- 

figure 5 presents the  microstructure of tungsten after decarburizing. No 

dis loca t ions  can be seen i n  the  regions adjoining the  grain boundaries, w h i l e  

t he  d is loca t ion  density a t  the gra in  center i s  very high. The grain boundaries 
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represent microcracks and la rge  pores can be observed i n  cer ta in  places. 

this points  t o  t h e  decarburization of tungsten by the  reaction 2WzC + O2 = 

= 2C0 + 4W. 

observable a t  the  spechen  periphery. 

t y  of dislocations i n  undeformed tungsten i s  d i r e c t l y  connected with the  amount 

of carbon. 

and enables them t o  migrate.and become obl i terated.  

homogenizing annealing i s  not performed u n t i l  t he  dis locat ion density of tung- 

s ten decreases; this may be d i r ec t ly  a t t r ibuted t o  the  strong hardening ef fec t  

of carbides on tungsten. 

A l l  

It i s  in te res t ing  t h a t  grains containing no dislocations at all are 

Thus, it may be concluded t h a t  t he  densi- 

The elimination of carbides from tungsten weakens the  dislocations 

A s  i s  known, prolonged 

Saturation with nitrogen caused no changes i n  the  s t ruc ture  o r  mechanical 

properties.  

tungsten n i t r ides ,  no such nitrides could be detected i n  the  structure.  Appa- 

rently,  such n i t r i d e s  may form only at the  surface o r  at  grain boundaries, but 

- l i k e  the  oxides - do not  form wi th in  the  tungsten l a t t i c e .  

this has t o  do with the  considerable difference between the atomic diameters of 

oxides and n i t r i d e s  and the  atomic diameter of tungsten. 

Despite exis t ing l i t e r a t u r e  da ta  pointing t o  the  existence of /sq 

It may be tha t  

Thus, carbon produces the greatest  impairment of the  properties,  particu- 

larly of p l a s t i c i t y  and structure.  

ties of tungsten s ingle  crystals ;  i n  the  case of polycrystal l ine tungsten, how 

ever, t h e  poss ib i l i t y  of t h e  formation of oxides and n i t r ides  along t h e  grain 

boundaries and of a possible  concomitant i n t e rc rys t a l l i ne  embrittlement cannot 

be ignored. 

Oxygen and nitrogen do not a f f ec t  t he  p r o p e p  

Conclusions 

1. An increase i n  t h e  carbon content of tungsten s ingle  c rys ta l s  from 
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0.0012 t o  0.054% causes a sharp decrease i n  the  r a t i o  between e l ec t r i c  resistivi- 

t y  at 300'K and at  4.2'K (from I l , x > O  t o  220). 

s t ructure  rises. The dislocation density increases by nearly one order, namely, 

from 1.2 x lo" t o  1 x lo' disl./cm2. The c r i t i c a l  shear stress and yield point 

increase by a fac tor  of more than 2. The re la t ive  reduction in area decreases 

from 100 t o  40%. 

than -196 to O°C. 

related to i t s  carbon content. A decrease i n  carbon content causes a reduction 

i n  dislocation density. 

The number of carbides i n  the 

The ductile-to-brittle t rans i t ion  temperature rises from less 

The dislocation density i n  undefomed tungsten i s  d i rec t ly  

2. Saturation with oxygen and nitrogen causes no appreciable increase i n  

It seems t ha t  oxygen and nitrogen t h e i r  content i n  tungsten single crystals. 

do not s ignif icant ly  a f fec t  t he  structure and mecl.lanical properties of these 

c rys ta l s  0 

Thus, our findings indicate  that ,  with respect t o  the  degree t o  which they 

influence the  ductile-to-brittle t rans i t ion  point, i n t e r s t i t i a l  impurities may 

be c lass i f ied  i n  the following tungsten-embrittling sequence: carbon, oxygen, 

nitrogen, hydrogen ( the  l e a s t  e f f ec t  of a l l ) .  

chromium apparently i s  affected i n  a similar manner by this sequence (Bibl.7). 

A spec ia l  investigation of t h e  e f fec t  of carbon on molybdenum w i l l  have t o  be 

performed. 

creasing effect  of embrittling i n t e r s t i t i a l  impurities i s  exactly reversed 

- hydrogen, nitrogen, oxygen, carbon (Bib1.1). 

O f  t he  other m e t a l s  of Groq VLA, 

It i s  interest ing tha t  fo r  m e t a l s  of Group VA, the  sequence of in- 

Resum6 /90 

As i s  known, i n t e r s t i t i a l  impurities sharply deter iorate  t he  p l a s t i c  prop- 

erties of tungsten (Ekibl.1). The l i t e ra ture ,  however, contains almost no 



studies of the effect  of t he  individual i n t e r s t i t i a l  impurities on the s t ructure  

and properties of tungsten and the ident i f ica t ion  of the most harmful of these 

impurities. Nevertheless, this knowledge i s  necessarg f o r  a fuller understand- 

ing of t he  physical nature of t h e  low-temperature embrittlement of tungsten, as 

w e l l  as f o r  development of techniques for  the production of high-grade material. 

The present investigation was intended to invest igate  the  e f fec t  of t he  arti- 

f i c i a l  saturation of tungsten single crystals  with carbon, oqgen,  and nitrogen 

on the s t ructure  and mechanical properties of the  crystals.  

Single crystals  of tungsten, 4- mm i n  diameter and 250 mm i n  length, were 

grown by electron-beam zone melting i n  a vacuum of 5 X W5 mm Hg at a zone 

t r ave l  rate of 5 d m i n  (Bibl.2). 

of i n t e r s t i t i a l  impurities i n  the grown crys ta l s  was found t o  be: C = 0.001% 

( d e t e d n e d  by the  combustion method); 0 2  = 0.001% and Nz = O.OOl;% (oqrgen and 

nitrogen were determined by vacuum melting). The r a t i o  of the  e l ec t r i c  resis- 

t i v i t y  of the  s ingle  c rys ta l s  a t  300'K and 4.2'11 was found t o  average 11,200. 

A l l  single crystals  had the  same crystallographic orientation of the longitudinal 

azis (ao from [Oll] and 29' from [lll]), accomplished with the a i d  of a special  

batch. 

t r o l y t i c a l l y  polished by a method similar t o  tha t  by Strat (Bibl.3) and had the  

form of discontinuous microspecimens with a test section 15 mm i n  length and 

1.8 mm i n  diameter. 

hardening process i n  graphite, with heating i n  a vacuum furnace (vacuum 2 x 

x 

jected t o  homogenizing vacuum annealing at  -2OOO'C f o r  8 hrs. 

The nmber of passages was two. The content 

The specimens f o r  saturation were prepared from single crystals,  elec- 

Saturation with carbon was accomplished by the case- 

mm Hg) a t  1300'C f o r  6 hrs. After saturation, the specimens were sub- 

For saturation with oxygen, the  specimens, together with high-purity 

tungsten t r ioLde ,  were placed i n  an evacuated soldered ampoule and kept a t  

12 



1 2 0 0 ° C  fo r  48 hrs. 

heating of t he  spechens i n  an atmosphere of high-purity nitrogen at  -23OOOC 

fo r  5 hrs. 

Saturation with nitrogen was performed during the  induction 

The results of chemical analysis, measurements of e l e c t r i c  res i s t iv i ty ,  and 

saturat ion regimes are presented in Table 1. 

For mechanical tests and determination of t he  t r ans i t i on  point t o  the  

b r i t t l e  state, the test section of the  specimens was e lec t ro ly t ica l ly  reduced 

in diameter from 1.8 t o  1.1mm. 

type t e n s i l e  microtesting machine a t  25OC and at  a s t r a i n  rate of 0.5 mm/min. 

I n  six hours 

Tensile tests .were perfo-lned i n  a Shevenar 

Tungsten single c rys ta l s  become carburized f a i r l y  raqidly. 

of carburization at 1300°C, the  carbon content increases from 0.0032 t o  0.054$, 

i.e., nearly 45 times. 

lows  f r o m  another paper (Bibl.5) that carbon is present i n  tungsten in the form 

of the carbide W2C and hence, considering the  low so lubi l i ty  of carbon i n  the 

tungsten l a t t i c e ,  it must be assumed t h a t  the  increase in carbon c o n t a t  occurs 

as a result of the formation of carbides. 

The K r a t io  dmps sharply from 11,200 t o  220. It fol-  

Microstructural analysis actually does show a sharp increase in t h e  amount 

of disperse carbides (fig.1). The dislocation density i n  tungsten s ingle  

c rys ta l s  after carburizing increases by nearly one order - from 1.2 X 10" 

t o  1 X 10' cm.2 (Figs.2, 3 ) .  

t o  a relaxation of t he  in t e rna l  stresses set up when the hexagonal carbide W2C 

en ters  t h e  cubic l a t t i c e  of tungsten. 

po in t  a t  25OC after carburizing increase by more than a fac tor  of 2, namely, 

The increase i n  dislocation density must be related 

The c r i t i c a l  shear stress and yield 

from 15.7 

increases  

40% The 

t o  34.1 kg/m2 and from 34- t o  73 kg/xutn2, respectively. The hardness 

somewhat, while t h e  relat ive reduction i n  area decreases f r o m  100 t o  

temperature of t rans i t ion  t o  the  b r i t t l e  state rises from -196' t o  

13 
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O°C. 

The yield point closely approaches the ultimate strength and the  s t r a in  hardening 

almost disappears (Fig.4), 

Carburizing alters the shape of the strah curve of t he  s ingle  crystals:  

Apparently, this i s  due t o  the  appearance of a large 

. number of dislocation sources (carbides) i n  whose presence p l a s t i c  deformation 

proceeds chiefly owing t o  the  multiplication of dislocations. 

a large number of dislocation sources and obstacles t o  the  migration of dis- 

locations (carbides) creates favorable conditions f o r  the  appearance of micro- 

cracks and thus the  onset of b r i t t i e  fracture. 

deter iorate  as a result of carburizing. 

The existence of 

Thus, t he  p l a s t i c  properbies 

Saturation with oxygen at 1200°C causes pract ical ly  no increase i n  the 

oxygen content of tungsten. 

2.5 kg/mm2) and the  K r a t i o  increases from U , X ) O  t o  l2,OOO. 

propert ies  of the  single c rys ta l s  and the slope of the  s t r a i n  curve do not 

change. This suggests tha t  oxygen not onQ fails t o  influence the  p l a s t i c  

properties of tungsten s ingle  crystals  but a l so  removes carbon fromthem, as 

has been confirmed by t h e  h i g k t q e r a t u r e  oqgen  saturat ion of cas t  poly- 

c rys t a l l i ne  tungsten during its heating i n  an atmosphere of helium containing 

a small amount of oxygen (0.02;&) a t  3000°C f o r  15 hrs (Fig.5) Follawing the  

high-temperature oxygen saturation of tungsten, no dislocations are observed /91 
i n  the  regions adjoining the  grain boundaries, whereas, on t h e  other hand, t h e  

dis locat ion density at the grain centers i s  considerable. 

dis locat ions a t  all are observed a t  t h e  peripherg of the spechen. 

boundaries represent microcracks, w5th gas-filled pores a t  some areas. 

poin ts  t o  a decarburization of tungsten by the  reaction ZW2C + O2 = 2 0  + 4W. 

Moreover, it may be concluded that the density of dislocation i n  undefomed 

tungsten i s  a d i rec t  consequence of i t s  carbon content. The elimination of 

The c r i t i c a l  shear stress decreases somewhat (by 

The p l a s t i c  

Grains containing no 

The grain 

This 

1Lc 
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tungsten carbides weakens the  dislocations and enables them t o  migrate and be- 

come annihilated. 

Saturation with nitrogen causes no changes in the  s t ructure  o r  i n  the 

mechanical properties. We were unable t o  detect  n i t r i des  in the  single c rys t a l  

s t ructure  after saturation with nitrogen. Apparently, if such n i t r i d e s  form a t  

all, they w i l l  do so - l i k e  oxides - only a t  the  surface o r  at  the grain 

boundaries. 

s t ruc ture  and properties of tungsten single crystals.  

that intersti t ial  impurities may be grouped in  the  following ttembrittling se- 

quence" according t o  the degree of t h e i r  influence on the t rans i t ion  point of 

tungsten t o  the b r i t t l e  state: carbon, oxygen, nitrogen, hydrogen ( l e a s t  influ- 

ence of a n ) .  

Thus, it i s  carbon t ha t  exerts the  mst detrimental e f fec t  on the  

These findings indicate  
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